MECHANICAL VENTILATION IS a life-saving intervention for patients with lung injury and respiratory failure. During mechanical ventilation, lungs can be exposed to high distending forces, which induce inflammation and disruption of alveolar barrier function, resulting in lung injury, a process referred to as ventilator-induced lung injury (VILI) (11) . Experimental and clinical studies have shown that VILI is associated with increased levels of proinflammatory cytokines, such as interleukin 6 (IL-6), tumor necrosis factor-␣ (TNF-␣) (1, 24) , as well as transforming growth factor-␤ (TGF-␤) (5, 16) . The mechanisms that regulate VILI have not been completely defined (24) , and no pharmacological intervention has been identified that can decrease mortality associated with VILI.
Micro-RNAs (miRNAs) are small, noncoding RNA sequences that regulate gene expression (39) . MiRNAs typically bind to sequences in the 3= untranslated region of mRNAs and decrease their stability and/or translation. The roles of miRNAs in the regulation of all major cellular functions, including cell proliferation, differentiation, metabolism, and apoptosis, are increasingly being recognized (39) . Recent studies have identified miRNAs as critical regulators of lung and systemic inflammation (2, 39, 45) and of cell responses to TGF-␤ signaling (17) . Importantly, promising therapeutic interventions targeting miRNAs in inflammatory diseases have been recently reported (2, 20) .
The aim of the present study was to characterize the changes in the lung miRNA expression profile induced by injurious mechanical ventilation and to identify miRNA target transcripts and miRNA-gene networks involved in VILI. Our hypothesis was that injurious ventilation with high tidal volume (HVTV) would induce changes in lung miRNAs, which would precede measurable physiological changes, such as increase in airway pressure. Moreover, we hypothesized that some of these changes could be involved in the pathogenesis of VILI. To examine the changes in lung miRNA expression profile, we performed an miRNA array using lung samples from mice included in our previous study (47) . We evaluated lung miRNA expression at an early time point, 1 h after HVTV, when airway pressure has not increased, and after 4 h of HVTV, when VILI has developed. To examine whether changes in miRNA expression contribute to the development of VILI, we evaluated the effect of administration of a miRNA precursor and antagonist in mice subjected to HVTV. We used miR-21, which is highly induced by HVTV and has been previously used in vivo in another model of lung injury (25) .
MATERIALS AND METHODS
MiRNA expression. To characterize miRNA expression profile in VILI, RNA was extracted from whole lung homogenates of C57BL/6 mice subjected to HVTV, included in our previously published study (47) . Briefly, 8-wk-old male C57BL/6 mice were allocated to one of three groups, n ϭ 5 per group; group 1 was exposed to HVTV (VT ϭ 40 ml/kg, peak inspiratory pressure ϭ 35 cmH 2O) for 1 h, group 2 was exposed to HVTV for 4 h, and group 3 were control mice. RNA was extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA) and used for miRNA and mRNA expression analysis. The lung expression of 335 miRNAs was measured using TaqMan Low Density Arrays (TLDA rodent miRNA v1.0; Applied Biosystems, Carlsbad, CA) in the Dana-Farber Molecular Diagnostics Facility (Dana-Farber Cancer Institute, Boston, MA). MiRNA expression data were normalized to 18S expression levels. All differentially expressed microRNAs identified by the TLDA arrays were validated by real-time PCR analysis using the mirVana qRT-PCR miRNA Detection Kit and qRT-PCR Primer Sets (Ambion, Austin, TX).
Prediction of miRNA gene targets. Potential miRNA gene targets were identified using the miRBase (http://microRNA.sanger.ac.uk), PicTar (http://dorina.mdc-berlin.de/rbp_browser/dorina.html), and TargetScan version 5.1 (http://www.targetscan.org/index.html) search engines. Each bioinformatic program uses different criteria to predict an interaction between the 3=UTR of a gene and the seed sequence (nucleotide positions 2-8) of the microRNA. Specifically, the miRBase program is based on the sequence complementarity between the 3=UTR of a gene and the seed sequence of a microRNA, considering the conservation of this interaction in different species and the free energy of the microRNA-3=UTR duplex. The miRBase program has information for 711 microRNAs, and the mapped microRNA-3=UTR interactions are 956,664. The PicTar program is based on the same parameters as the miRBase program and in addition it includes information about multiple binding sites for a specific microRNA in a specific 3=UTR. The PicTar program has information for 129 microRNAs, and the mapped microRNA-3=UTR interactions are 17,224. Finally, the TargetScan program is based on the sequence complementarity between the 3=UTR of a gene and the seed sequence of microRNA, considering the conservation of this interaction in different species, the local AU content, and examines the surrounding sequence. The TargetScan program has information for 675 microRNAs, and the mapped microRNA-3=UTR interactions are 189,075. To optimize the accuracy of prediction, a potential gene target was required to be predicted by a minimum of two out of three of the above programs, as previously described (14) .
Gene network analysis. Gene networks were constructed and analyzed using Ingenuity Gene Network Software Analysis as previously described (33) . Interactions between highly interconnected miRNAs, and predicted target genes were identified by statistical likelihood using the following equation:
where N is the number of genes in the network, of which G are central nodes genes, for a pathway of s genes of which f are central node genes. C (n, k) is the binomial coefficient. A central node is defined as the gene in a network that has the highest number of inputs (genes that regulate the central node gene) and outputs (genes that are regulated by the central node gene) (33) . Statistically significant networks are considered those with a score greater than 5 (P Ͻ 10 Ϫ5 ). Measurement of mRNA and miR-21 levels. RNA was extracted from frozen lung samples and bronchoalveolar lavage fluid (BALF) cells using TRIZOL reagent (Invitrogen). cDNA was synthesized for mRNA measurements using MMLV-RT (Invitrogen) and for miR-21 measurement using TaqMan micro-RNA-RT (Ambion). Levels of mRNAs encoding IL-6, SOCS1, SMAD4, BMPR2, and PTEN, as well as miR-21, were measured using a Realplex 2 system (Eppendorf, Westbury, NY). Changes in relative gene expression were normalized to levels of 18S rRNA using the relative threshold cycle method.
In situ hybridization for miR-21. Formalin-fixed paraffin-embedded lung sections from control mice and mice subjected for 4 h to HVTV and BALF collection, cut 3 m thick, were used for in situ hybridization with LNA-enhanced miR-21 and control (U6 snRNA) detection probes, using Mercury LNA microRNA ISH optimization kit (Exiqon, Woburn, MA), according to manufacturer's instruction. Briefly, lung sections were subjected to deparaffination, incubation with proteinase-K (15 g/ml for 15 min at 37°C), dehydration, and hybridization with either 50 nM double DIG LNA miR-21 probe or 1 nM U6 snRNA probe, at 51°C for 1 h. Subsequently sections were washed, blocked with 2% sheep serum in PBS-T, and incubated with anti-DIG-AP antibody 1:800 for 1 h and alkaline phosphatase solution containing nitro-blue tetrazolium and 5-bromo-4-chloro-3=-indolyphosphate for 2 h. Finally sections were dehydrated, mounted, and examined under microscope. Counterstaining was omitted for clarity. A pathologist blinded to the interventions analyzed the results.
Animal experiments. Male, 8-wk-old, C57BL/6 mice were anesthetized, tracheostomized, and treated with either pre-miR-21, anti-miR-21, or negative control miRNA (oligonucleotides specifically designed to serve as negative controls, all from Ambion; n ϭ 5 per treatment group), at a dose of 4 g/mouse in 2 l/g normal saline injected intratracheally before mechanical ventilation. Mice in three treatment groups were subjected to HVTV for 4 h, whereas control mice were ventilated briefly until paralyzed and then subjected to sample collection including an inspiratory pressure-volume curve of the respiratory system, followed by BALF and tissue collection, as previously described (47) . All animal experiments were approved by the Research Animal Care Committee of University of Crete Medical School and Heraklion Prefecture Veterinary Authority.
Evaluation of lung injury. The development of lung injury was assessed by measuring lung mechanics, alveolar-arterial oxygen gradient (DA-a), BALF protein, and cytokine concentration. A pressurevolume curve of the respiratory system was obtained by slow lung inflation to peak airway pressure of 25 cmH 2O (47) . As an indicator of lung compliance we used the inspiratory capacity, defined as the volume inflated at airway pressure of 25 cmH 2O, expressed as ml/kg. Alveolar-arterial oxygen gradient was calculated from arterial blood gas analysis using standard formula. Protein concentration in BALF was measured with the bicinchoninic acid assay (Pierce Chemical, Rockford, IL). IL-6 and macrophage inflammatory protein (MIP)-2 concentrations were measured using ELISA (R&D Systems, Minneapolis, MN).
Statistical analysis. mRNA and miR-21 expression levels and indices of lung injury are expressed as means Ϯ SD and compared by one-way ANOVA (nonparametric test), using SigmaStat statistical software. Significance was defined as P Ͻ 0.05.
RESULTS

Changes in lung miRNA expression profile induced by HVTV.
Out of the 335 miRNAs examined, the expression of 50 miRNAs increased more than twofold, and expression of 15 miRNAs decreased by more than half (Table 1) . A progressive change in miRNA expression from 1 h to 4 h was observed in 74% of miRNAs, consistent with the progressive development of lung injury. The miRNAs with the greatest increase in expression after 4 h of HVT were miR-7b, miR-189, and miR-223, whereas the miRNAs with the greatest decrease in expression were miR-503 and miR-211.
Identification of miRNA downstream targets. To identify potential targets for differentially expressed miRNAs, we screened their sequences against the mouse genome database, using the miRNA target identification programs miRBase, PicTar, and TargetScan v.5.1, as described in MATERIALS AND METHODS. Table 1 presents potential target genes of miRNAs whose expression was altered by HVTV.
Gene network analysis. Gene network analysis was performed by integrating the miRNA expression data and their predicted gene targets to identify enrichment of pathways related to VILI. The miRNA-gene network with the highest statistical significance score (P ϭ 10 Ϫ43 ) was a network of inflammatory mediators, as shown in Fig. 1A . This network includes seven miRNAs whose expression was modulated during HVTV (miR-155, let-7a, let-7b, miR-125b, miR-146, miR-106a, and miR-543) and 10 genes that are targets of the The miRNA-gene network with the second highest statistical significance score was a TGF-␤ signaling network (P ϭ 10 Ϫ28 ; Fig. 1B ). This network includes 11 miRNAs whose expression was modulated during HVTV (miR-106a, miR-7, miR-135, miR-21, miR-345, miR-223, miR-24, miR-132, miR-9, miR146a, miR-146b) and 13 genes that are targets of the miRNAs (TGFBR2, IRS2, SMAD5, CDH1, ITGA6, SMAD4, BMPR2, EP300, RHOB, FOXO1, E2F3, CTNNA1, and RUNX3). According to the gene network analysis, SMAD4 is the central node of the network.
Expression levels of miRNA target genes. We measured pulmonary levels of mRNAs targeted by miRNAs represented in the inflammatory gene and TGF␤-regulated networks (Fig. 2) . The expression of let-7, which targets IL-6, decreased with ; TNF, tumor-necrosis-factor; JAK2, Janus kinase 2; SOCS1, suppressor of cytokine signaling 1; IL1A, interleukin 1A; IL6, interleukin 6; TRAF6, TNF receptor-associated factor 6; IRAK1, interleukin-1 receptor-associated kinase 1; NFAT5, nuclear factor of activated T-cells 5; IL10, interleukin 10; TGFBR2, transforming growth factor ␤ receptor type II; IRS2, insulin receptor substrate 2; CDH1, cadherin 1; ITGA6, integrin ␣6; BMPR2, bone morphogenetic protein receptor, type II; EP300, E1A binding protein p300; RHOB, ras homolog gene family, member B; FOXO1, forkhead box O1; E2F3, E2F transcription factor 3; CTNNA1, catenin (cadherin-associated protein) ␣1; RUNX3, runt-related transcription factor 3.
HVTV. Pulmonary IL-6 mRNA levels increased after HVTV (11-fold increase from control after 4 h of HVTV, P Ͻ 0.05), consistent with the decrease in let-7 expression. The expression of miR-155 and miR-146, which target SOCS1 and SMAD4, respectively, increased with HVTV. Pulmonary SOCS1 and SMAD4 mRNA levels decreased after HVTV (5-fold and 25-fold decrease from control after 4 h of HVTV, respectively, P Ͻ 0.05), consistent with the increase in miR-155 and miR-146 expression.
In vivo modulation of lung miRNA in HVTV. We tested the hypothesis that changes in miRNA expression contribute to the pathogenesis of VILI, focusing on miR-21, a miRNA highly upregulated by HVTV. To identify the cells that contribute to the observed increase in miR-21 expression, we measured miR-21 expression levels in BAL cells and lung tissues from mice subjected to HVTV for 4 h. MiR-21 expression after HVTV increased 21 Ϯ 5-fold in BAL cells (consisting of macrophages at 90%) and 6 Ϯ 1-fold in lung homogenates. Additionally, we performed in situ hybridization in paraffinembedded sections from lungs of control mice and mice subjected to 4 h of HVTV after BAL cell collection. Increased miR-21 expression was detected in epithelial cells (type II alveolar pneumocytes and bronchiole lining cells), endothelial cells, stromal myofibroblasts, as well as in alveolar macrophages (Fig. 3) .
Subsequently we modulated the expression of miR-21 by intratracheal administration of a precursor (pre-miR-21) or antagonist (anti-miR-21) of miR-21 before mechanical HVTV. The increase in pulmonary miR-21 levels after HVTV was greater in mice treated with pre-miR-21 than in mice treated with negative control miRNA (16 Ϯ 6-vs. 6 Ϯ 1-fold increase from control, P Ͻ 0.05; Fig. 4A) . Treatment with the antimiR-21 attenuated the increase in miR-21 induced by HVTV (3 Ϯ 1-vs. 6 Ϯ 1-fold increase, P Ͻ 0.005). Pulmonary levels of miR-21 target mRNAs, BMPR2 and PTEN (15, 37) , were greater in mice treated with anti-miR-21 than in mice treated with pre-miR-21 or negative control-miR (Fig. 4B) .
Mice treated with anti-miR-21 before HVTV had improved oxygenation, as indicated by the D A-a , than did mice treated with pre-miR-21 or the negative control miRNA (66 Ϯ 27 vs. 131 Ϯ 22 and 144 Ϯ 10 mmHg, respectively, P Ͻ 0.001) and preserved lung compliance, as indicated by the inspiratory capacity (% of control: 94 Ϯ 4% vs. 72 Ϯ 12%, 62 Ϯ 7%, P Ͻ 0.001, Fig. 5A ). BALF protein concentration increased from control in all ventilated mice, but it was lower in mice treated with anti-miR-21 than in mice treated with pre-miR-21 or negative control miR (1.1 Ϯ 0.2 vs. 2.3 Ϯ 1, 2.1 Ϯ 0.4 mg/ml, respectively, P Ͻ 0.01, Fig. 5B ). BALF concentrations of IL-6 and MIP-2 were greater in all ventilated mice than control mice. BALF IL-6 was not different between groups of ventilated mice (Fig. 5C ), whereas MIP-2 was lower in mice treated with anti-miR-21 than mice treated with pre-miR-21 (Fig. 5D) .
Taken together, our results indicate that in vivo modulation of pulmonary miR-21 levels, using anti-miR-21, ameliorates indices of high-permeability pulmonary edema associated with VILI.
DISCUSSION
This study reports the impact of mechanical HVTV on the miRNA expression profile in lungs of mice. We found that injurious mechanical ventilation induced rapid and progressive changes in lung miRNA expression, suggesting that these miRNAs might play a role in the development of lung injury. The miRNA-gene networks identified using miRNA target 4h Fig. 2 . Changes in the levels of mRNAs encoding IL-6, SOCS1, and SMAD4 in lungs of mice exposed to mechanical HVTV for 1 or 4 h compared with control mice: *P Ͻ 0.05 vs. control. Fig. 3 . In situ hybridization with double DIG-LNA miR-21 probe, anti-DIG-AP antibody, and AP solution containing NBT-BCIP (purple staining) of formalin-fixed, paraffin-embedded lung sections, from mice subjected for 4 h to HVTV (a, c, e, g, i) , and control mice (b, d, f, h, j) . MiR-21 staining is observed in lungs from mice subjected to HVTV in alveolar type II pneumocytes (a and b), bronchiole lining cells (c and d), endothelial cells (e and f), myofibroblasts  (g and h) , as well as in alveolar macrophages (i and j; arrows indicating specific cell type; a, b, c, d, e, h, i, j: magnification ϫ400, f and g: magnification ϫ600) . prediction databases at highest statistical significance were an inflammatory and a TGF-␤ signaling network.
Whereas the role of inflammation in VILI is well established, the role of miRNAs in the regulation of inflammation has only recently been recognized (45) . Innate immune responses have been associated with increases in levels of miR-146, miR-155, miR-125, and miR-9, as well as a decrease in let-7 levels (2, 4, 7, 29, 42, 43) . We observed that most miRNAs, previously reported to be associated with inflammation (45), were similarly modulated by injurious mechanical ventilation. The predicted targets of differentially expressed miRNAs include cytokines, such as IL-6 and TNF-␣, known to play an important role in VILI (11) . IL-6 has been recognized as a central modulator of acute lung injury (ALI) and VILI in several experimental and clinical studies (9, 34, 41 ). Additionally, genes such as SOCS1, which have been associated with inflammation (19, 32) but not previously described in VILI, were identified in silico as important components of the inflammatory miRNA-gene network in VILI.
Patients in the intensive care unit suffering from ALI are at highest risk for developing VILI. A previous study, using a murine model of lung injury induced by inhaled LPS, examined the changes in lung miRNA expression profile associated with ALI (29) . Although the miRNA primer/probe sets and mouse strain were different in our study, 15 miRNAs were similarly changed in lung injury induced by LPS and HVTV, including let-7, miR-21, miR-106, miR-146, miR-132, miR-210, miR-214, and miR-223. These findings suggest that these miRNAs are critical modulators of lung inflammation and may play an important role in human ALI, where both infectious and mechanical stimuli are present.
Interestingly, we observed that many of the miRNAs induced by HVTV (and their target mRNAs) participated in a TGF-␤-signaling miRNA-gene network. TGF-␤ signals are involved in lung barrier function and inflammation (10, 26, 28) . The role of TGF-␤ signaling in the late phase of ALI is well established (10) , but this study adds to the increasing evidence suggesting that TGF-␤ signaling may also play a role in the early phase of lung injury (18, 38) . MiRNAs play an important role in the regulation of TGF-␤ signaling (17, 27) . SMAD proteins, downstream molecules of TGF-␤ signaling pathway, as well as TGF␤R2 and BMPR2, TGF-␤, and TGF-␤ ligands receptors, have all been identified as direct targets of miRNAs including miR-146, miR-106, and miR-21 (27) .
Among the differentially expressed miRNAs, those exhibiting the greater increase (more than 10-fold) after 4 h of HVTV were miR-7b, miR-189, miR-223, miR-135a, miR-9, and miR-132. MiR-7b targets the early response gene fos, which has been shown to increase upon HVTV (21, 44) . MiR-189 and miR-135a target the TGF-␤ signaling molecules furin, Net1A, and SMAD5 (23, 35, 48) , emphasizing the important role of miRNA regulation of TGF-␤ signaling in VILI. MiRNAs miR-223 and miR-132 are highly expressed in myeloid cells (8, 42) , and therefore the observed increase in their expression could be attributed to inflammatory cell infiltration in lungs induced by HVTV. Additionally, activation of TLR signaling, which occurs in VILI, increases the expression of both miR-132 and miR-9 (4, 42). Both miRNAs may have an anti-inflammatory role, miR-9 by targeting NFkB1 (4), and miR-132 by targeting acetylcholinesterase (40) . The miRNAs exhibiting the greatest decrease (more than 7-fold) were miR-503, miR-211, miR-676, let-7a, and miR-200c. All these miRNAs are considered tumor suppressors, suggesting that the observed decrease in their expression could facilitate cell proliferation as a response to injury. Let-7a and 200c were the only highly expressed miRNAs in lungs of control mice. Both may control barrier function because miR-200c targets e-cadherin transcriptional repressor ZEB1, and let-7a targets integrin b3 (13, 30) . Let-7a also targets IL-6 (14); thus decrease of let-7a could contribute to the increase of IL-6 observed in VILI.
To investigate whether the observed changes in lung miRNAs play a role in the development of VILI, we examined the effect of modulating pulmonary miRNA expression in vivo on the development of VILI. We chose miR-21 because it is significantly induced by HVTV in both resident alveolar cells and infiltrating macrophages. Moreover, pulmonary miR-21 antag-BMPR2 PTEN Fig. 4 . A: changes in levels of miR-21 in lung homogenates from mice treated with negative control miR, anti-miR-21, or pre-miR-21 followed by mechanical HVTV for 4 h, compared with control mice: *P Ͻ 0.05 for all ventilated mice compared with control mice, #P Ͻ 0.05 for pre-miR-21 treatment vs. negative control miR,^P Ͻ 0.05 for anti-miR-21 treatment vs. negative control miR. B: changes in levels of BMPR2 mRNA in lung homogenates from mice treated with negative control miR, anti-miR-21, or pre-miR-21 followed by HVTV for 4 h, compared with control mice: *P Ͻ 0.001 for negative-controlmiR and pre-miR-21 treatment vs. control, and PTEN mRNA; *P Ͻ 0.001 for all ventilated mice vs. control, #P Ͻ 0.05 for anti-miR-21 treatment vs. negative-control-miR and pre-miR-21.
onism in vivo was shown to ameliorate pulmonary fibrosis in mice treated with bleomycin (25) . We were able to increase and decrease pulmonary miR-21 levels by intratracheal administration of a precursor and antagonist of miR-21, respectively. We observed that treatment with anti-miR-21 ameliorated indices of VILI. The preserved lung compliance and oxygenation, together with the reduction in BALF protein levels, suggest that treatment with anti-miR-21 can prevent HVTVinduced barrier dysfunction. Target genes of miR-21 that could play a role in VILI include BMPR2 and PTEN, both of which have a protective role in barrier function (3, 6, 22) . We found that the observed increase of miR-21 in lungs of mice subjected to HVTV was associated with decrease in both BMPR2 and PTEN mRNA levels. Moreover, treatment with anti-miR-21 was associated with preservation of BMPR2 and PTEN mRNA levels. Our study has several limitations. The mouse model of VILI used in this study applies a tidal volume that is much higher than that used in clinical practice. However, it has been shown that in animals with healthy lungs a strain greater than 2 is required to induce injury (36) , and the tidal volume used in this study resulted in a strain of 2.2. Moreover, we used a model of aseptic VILI, which may not recapitulate clinical practice but facilitates our understanding of the mechanisms of VILI. We did not compare the effect of different tidal volumes on lung miRNA expression profile because it has been previously reported that mechanical ventilation even at low tidal volume is injurious in mice (12, 46) . In preliminary experiments, we observed that mechanical ventilation with normal tidal volume (8 ml/kg) moderately increased miR-21 expression.
The identification of the role and cellular source of each differentially expressed miRNA was beyond the scope of this study. It is probable that not all differentially expressed miRNAs contribute to the pathogenesis of VILI. Most likely several miRNAs whose expression changed in response to HVTV are part of protective mechanisms that aim in limiting lung injury. For example, the observed increase in miR-146 could contribute to inhibition of TGF-␤ signaling by targeting SMAD-4 and/or promote macrophage tolerance to TLR signals by tar- geting TRAF-6 and IRAK-1 (31), suggesting a protective role for miR-146.
In summary, the present study demonstrates that several miRNAs are differentially regulated during the development of VILI. The major networks these miRNAs participate in include an inflammatory and a TGF-␤ signaling miRNA-gene network. Moreover, this study provides evidence that local administration of precursors or anti-miRs can modulate pulmonary miRNA expression and affect the development of VILI, providing novel potential therapeutic approaches.
